DHA (docosahexaenoic acid, C 22:6,n − 3 ) has been shown to promote neurite growth and synaptogenesis in embryonic hippocampal neurons, supporting the importance of DHA known for hippocampus-related learning and memory function. In the present study, we demonstrate that DHA metabolism to DEA (N-docosahexaenoylethanolamide) is a significant mechanism for hippocampal neuronal development, contributing to synaptic function. We found that a fatty acid amide hydrolase inhibitor URB597 potentiates DHA-induced neurite growth, synaptogenesis and synaptic protein expression. Active metabolism of DHA to DEA was observed in embryonic day 18 hippocampal neuronal cultures, which was increased further by URB597. Synthetic DEA promoted hippocampal neurite growth and synaptogenesis at substantially lower concentrations in comparison with DHA. DEA-treated neurons increased the expression of synapsins and glutamate receptor subunits and exhibited enhanced glutamatergic synaptic activity, as was the case for DHA. The DEA level in mouse fetal hippocampi was altered according to the maternal dietary supply of n-3 fatty acids, suggesting that DEA formation is a relevant in vivo process responding to the DHA status. In conclusion, DHA metabolism to DEA is a significant biochemical mechanism for neurite growth, synaptogenesis and synaptic protein expression, leading to enhanced glutamatergic synaptic function. The novel DEA-dependent mechanism offers a new molecular insight into hippocampal neurodevelopment and function.
INTRODUCTION
DHA (docosahexaenoic acid, C 22:6,n − 3 ) is an n − 3 polyunsaturated fatty acid that is highly enriched in the brain [1] . Developmental accretion of DHA has been shown to improve hippocampusrelated learning and memory function in humans and rodents [2] [3] [4] [5] [6] , whereas opposite effects were observed by depleting this fatty acid in the brain [7] [8] [9] . A unique role of DHA in promoting hippocampal neuronal survival [10] as well as neurite development [11, 12] , synaptogenesis and glutamatergic synaptic activity has been demonstrated in embryonic hippocampal cultures [12] . In vivo significance of DHA on hippocampal neurogenesis, neurite growth and synaptogenesis has also been suggested in animal models where the DHA status was manipulated either by dietary means [11, 12] or using fat-1 transgenic mice [13] . In addition, it has been reported that n − 3 fatty acids promote neurite outgrowth in sensory neurons during development and aging [14] . Previous studies have indicated biotransformation of DHA to bioactive mediators, including resolvins [15] and neuroprotectin D1, a 10,17S-hydroxy docosatriene derivative of DHA [16] . Nevertheless, involvement of DHA metabolites in hippocampal development has not been demonstrated. In the present study, we hypothesized that some of the DHA effects on hippocampal development is mediated by its metabolites. We found active biosynthesis of DEA (N-docosahexaenoylethanolamide) in developing hippocampi as well as the hippocampal neuronal culture. Treatment of hippocampal neurons with DEA promoted neurite growth, synaptogenesis and expression of glutamate receptor subunits and enhanced glutamatergic synaptic activity as in the case with DHA, but at substantially lower concentrations. Our results suggest that DEA is an active component of DHA-mediated hippocampal development.
EXPERIMENTAL

Animals and diets
For in vivo alteration of fatty acid composition, mice at 2 days of pregnancy were fed with either an n-3 fatty-acid-adequate or -deficient diet throughout the pregnancy. The n-3 fatty acid content in the adequate diet was 2.5 % (w/w) LNA (linolenic acid, C 18:3,n − 3 ) plus 0.9% DHA, whereas the deficient diet contained 0.09 % LNA, as described previously [12] . The procedures Abbreviations used: AA, arachidonic acid; AEA, arachidonylethanolamine; CB receptor, cannabinoid receptor; CPT1, carnitine palmitoyltransferase 1; DAPI, 4 ,6-diamidino-2-phenylindole; DEA, N-docoxahexaenoylethanolamide: DHA, docosahexaenoic acid; DHA-amide, N-docosahexaenoylamide; DPA, docosapentaenoic acid; E18, embryonic day 18; ESI, electrospray ionization; FAAH, fatty acid amide hydrolase; FAAHI, FAAH inhibitor; FAME, fatty acid methyl ester; GABA, γ-aminobutyric acid; HSD, Honestly Significant Difference; LC, liquid chromatography; LNA, linolenic acid; LPL, lipoprotein lipase; MAP2, microtubule-associated protein 2; MRM, multiple reaction monitoring; MS/MS, tandem MS; NBQX, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f ]quinoxaline-7-sulfonamide disodium; NDGA, nordihydroguaiaretic acid; NMDA, N-methyl-D-aspartate; NPD1, neuroprotectin D1; NR2B, NMDA receptor subunit 2B; PPAR, peroxisome-proliferator-activated receptor; PSC, postsynaptic current; RT, reverse transcription; RXR, retinoid X receptor; sPSC, spontaneous PSC; GABA-sPSC, GABAergic sPSC; Glu-sPSC, glutamatergic sPSC; TBS, Tris-buffered saline. 1 To whom correspondence should be addressed (email hykim@nih.gov).
c The Authors Journal compilation c 2011 Biochemical Society employed in the present study were approved by the Animal Care and Use Committee of the National Institute on Alcohol Abuse and Alcoholism (LMS-HK21).
Hippocampal primary culture and fatty acid supplementation
Timed pregnant C57/BL6 mice were obtained from Charles River Laboratories at 16 days of pregnancy and fed with an NIH-31 diet before collecting E18 (embryonic day 18) fetuses. Embryonic neurons were prepared from E18 mouse hippocampi and cultured in Neurobasal TM medium as described previously [11] , but using 2 % (v/v) B-27 supplement (Gibco), at a density of 30 000 cells/cm 2 . On day 2 after seeding, the cells were treated with DHA complexed with fatty-acid-free BSA (Sigma) (final concentrations of 1 μM and 0.01 % respectively), and DEA or fatty acid amides in DMSO. The medium contained 40 μM α-tocopherol (Sigma). In some cases, DHA was dissolved in DMSO and applied to the cell culture medium instead of as a BSAcomplexed form. One-half of the growth medium was replaced every 3 days with Neurobasal TM medium with or without fatty acids. For inhibitor studies, 50 μM indomethacin, 10 μM NDGA (nordihydroguaiaretic acid) and 1 μM URB597 (Cayman) in DMSO were added to the E18 hippocampal cultures 1 h prior to the addition of DHA (1 μM). For MS analysis of DEA, an E18 culture at 50 000 cells/cm 2 density was plated in sixwell plates or 10-cm-diameter dishes, supplemented with 1 μM DEA and/or [ 13 C 22 ]DHA for 3 days and the lipids were extracted from both cells and medium as described by Bligh and Dyer [17] . Separately, E18 hippocampi were homogenized in a buffer containing 50 mM Tris/HCl (pH 8.0), 150 mM NaCl and 10 mM CaCl 2 and incubated for 1.5 h with 5 μM [ 13 C 22 ]DHA in the presence or absence of 1 μM URB597. Fatty acid analysis from hippocampi was performed by GC as described previously [18] .
Immunocytochemistry and evaluation of neurite outgrowth and synapsin puncta formation
Cells were immunostained against MAP2 (microtubuleassociated protein 2) and synapsin-1 using a procedure described previously [19] . For nuclear staining, 0.06 % DAPI (4 ,6-diamidino-2-phenylindole; Sigma) was used. Images were collected using an inverted motorized IX81 Olympus microscope, and neurite length and synapsin puncta were quantified using Metamorph software (Molecular Devices). To minimize bias, neurons were evaluated blindly without knowledge of sample identity. At random, 5-6 fields/well were chosen and only nonclustered neurons were evaluated to ensure the precision of the measurements. From each well, 120 neurons were evaluated at ×20 magnification for total neurite length/neuron, number of branches and the number of synapsin puncta/neuron. A total of 20 neurons were analysed from each well for the number of synapsin puncta/10 μm neurite length at ×60 magnification. Data were obtained from triplicate wells and the experiments were repeated at least three times.
RT (reverse transcription)-PCR assay
Total RNA from mouse hippocampal cultures was isolated after supplementing the cells with DHA (1 μM) or DEA (0.1 μM) for 12 h, using TRIzol ® reagent (Invitrogen). Isolated RNA (1 μg) was used for first-strand cDNA synthesis by using 200 units of SuperScript ® III reverse transcriptase (Moloney murine leukaemia virus reverse transcriptase; Invitrogen), as described in the manufacturer's protocol. The newly synthesized cDNA was used for PCR amplification by using the following primers: synapsin-1 (GenBank ® accession number NM_001110780, Mus musculus) forward, 5 -CAGGGTCAAGG- 
Electrophysiology
For evaluating the synaptic function of the cultured neurons, synaptic currents were measured in the conventional wholecell voltage-clamp mode using a glass pipette electrode (3-5 M ) at a holding potential of − 60 mV as described previously [12] . To isolate GABA-sPSCs {GABA (γ -aminobutyric acid)ergic sPSCs [spontaneous PSCs (postsynaptic currents)]}, NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f ]quinoxaline-7-sulfonamide disodium, 5 μM) and APV (D-2-amino-5-phosphonopentanoic acid, 50 μM) were locally applied to the target neurons using a multibarrelled array of square glass applicators on a Perfusion Fast-Step system (Warner Instruments). For measurement of Glu-sPSCs (glutamatergic sPSCs), bicuculline (20 μM) was superfused on to the neuron using the same application system. TTX (tetrodotoxin, 1 μM) superfused to block action potentials in the presynaptic neurons did not alter the amplitude and frequency of PSCs, indicating that the detected sPSCs were miniature PSCs. The spontaneous synaptic currents were detected using MiniAnalysis software (Synaptosoft) with a threshold detection of 20 pA and manual detection for smaller events (down to 10 pA).
Synthesis of DEA, d 4 -DEA and DHA-amide (N-docosahexaenoylamide)
DEA and d 4 -DEA were synthesized by a procedure similar to that described by Devane et. al. [20] for AEA (arachidonylethanolamine, also called anandamide). In brief, docosahexaenoyl chloride (Nu-Chek Prep) was reacted with a 10-fold molar excess of either ethanolamine or d 4 -ethanolamine (Sigma) in dried methylene chloride under an Ar atmosphere at 0
• C for 15 min. The product was washed with water several times to remove excess ethanolamine. The solvent was evaporated under nitrogen and the product dissolved in a stock solution of methanol and quantified by transmethylation with BF 3 /methanol (Sigma) followed by GC as described previously [18] . DHAamide was prepared using the procedure reported for oleamide synthesis [21] with slight modification by bubbling anhydrous ammonia gas (Air Liquide) through a solution of docosahexaenoyl chloride in dried methylene chloride for 15 min at room temperature (25
• C). The solvent was evaporated, yielding an oily residue that contained both DHA-amide and unwanted DHA. The oil was run over a reverse-phase HPLC column using a methanol/H 2 O/hexane solvent system, and the DHA-amide was collected and re-extracted into chloroform/methanol as described in [17] , dried under nitrogen and resuspended in methanol. The product was characterized by ESI (electrospray ionization)-LC (liquid chromatography)-MS/MS (tandem MS), compared with an authentic oleamide standard (Sigma), and quantified by GC-FAME (fatty acid methyl ester) analysis as for DEA and d 4 -DEA. The purity of all final products was also confirmed using ESI-LC-MS in both the positive and negative ionization modes.
MS analysis of DHA metabolites
Cells, culture medium and tissue homogenate were extracted as described previously [17] in the presence of internal standards including d 4 -AEA and d 4 -DEA. Organic layers were collected, dried under nitrogen and reconstituted with methanol. HPLC-ESI-MS/MS analysis was performed using a Finnigan TSQ Quantum mass spectrometer, which was equipped with an ESI source. The separation was achieved using a BDS Hypersil C 18 Pioneer column (2.1×50 mm; Thermo Electron) as described previously [22] . For quantification, the mass spectrometer was operated in the MRM (multiple reaction monitoring) mode. CID (collision-induced dissociation) was performed using argon as the collision gas at 1. 
Statistical analysis
All values are means + − S.D. unless specified. Statistical analysis was performed using unpaired Student's t tests unless specified; *P < 0.05, **P < 0.01 and ***P < 0.001. Significant differences between groups were determined by post-hoc Tukey's HSD (Honestly Significant Difference) tests. Different alphabetical letters indicate significant differences at P < 0.05, unless otherwise specified.
RESULTS
A fatty acid amide form is involved in DHA-induced neurite growth and synaptogenesis
We have previously demonstrated that DHA uniquely promotes neurite growth, synaptogenesis and synaptic protein expression, including synapsins and glutamate receptor subunits, in E18 hippocampal neuronal cultures, and enhances excitatory synaptic function [12] . To understand the molecular mechanism for the observed effect of DHA, we investigated the possible involvement of DHA metabolism. E18 hippocampal neuronal cultures were treated with URB597, NDGA or indomethacin, inhibitors of FAAH (fatty acid amide hydrolase), lipoxygenase or cyclooxygenase respectively. As reported previously [12] , hippocampal neurons supplemented with DHA showed significantly increased neurite outgrowth and improved synaptogenesis evaluated by the number of synapsin puncta normalized per given neurite length ( Figure 1) . Although NDGA or indomethacin showed little effect, inhibition of FAAH by the selective inhibitor URB597 promoted neurite growth ( Figures 1A and 1B) and synaptogenesis ( Figures 1A and 1C) . The inclusion of URB597 in the DHAsupplemented culture further promoted neurite development and synaptogenesis. The protein expression of glutamate receptors (probed with NR2B and GluR1), which have been shown to be elevated with DHA treatment [12] , was increased by FAAHI (FAAH inhibitor) treatment ( Figure 1D ). These results indicated that an amide form of DHA metabolites is involved in the DHApromoted neurite growth, synaptogenesis and synaptic protein expression. Therefore subsequent experiments were performed to determine whether an amide derivative of DHA is produced in the hippocampal cultures that also shows bioactivity for the neuronal development observed with DHA.
DHA is actively metabolized to DEA in developing hippocampi
To examine DHA metabolism in the hippocampal neuronal culture, we monitored transformation of DHA and uniformly labelled Figure 3B ). The MRM approach also allowed quantitative determination of DEA with high specificity in the presence of the 2 H-labelled internal standard. Supplementation of the E18 hippocampal neuronal culture (6×10 4 cells/cm 2 in a 10-cm-diameter dish) with 1 μM DHA for 3 days increased the DEA level from 55 + − 6 to 313 + − 30 fmol. Inhibiting hydrolysis of DEA using URB597 substantially increased the DEA content for both the control and the DHA-supplemented culture (350 + − 41 and 5560 + − 125 fmol respectively), indicating that FAAH was active in the culture. Similarly, the homogenate of E18 hippocampi actively converted Figure 4 ). In addition, the production of DEA from endogenous DHA was slightly, but significantly, increased in the presence of URB597.
DHA-amide is another class of DHA derivatives that can be affected by the inhibition of FAAH. To test the possible involvement of this molecule, the production of DHA-amide in the hippocampal cell culture was first examined after supplementation with 1 μM DHA. 
Monitoring the MRM transition from [M+H]
+ to the characteristic fragment ions showed the chromatographic peaks at 4.54 and 4.72 min for the DHA-amide and oleamide standards respectively ( Figure S1B ). Nevertheless, no MRM chromatographic peaks were detected for DHA-amide at the corresponding retention time when the hippocampal neuronal cell culture was supplemented with 1 μM each of DHA and [ 13 C 22 ]DHA ( Figure S1C ), with the current detection limit of the sub-femtomolar range. From the same culture, DEA production was clearly indicated, suggesting that DHA-amide is not a major amide derivative of DHA produced in developing hippocampi. In addition, treatment of the E18 hippocampal culture with 1 μM DHA-amide had no significant effects on neurite outgrowth and synaptogenesis (Supplementary Figure S2 at http://www.BiochemJ.org/bj/435/bj4350327add.htm), suggesting that DHA-amide may not mediate the effects of DHA on hippocampal development.
DEA promotes neurite growth and synaptogenesis
Active transformation of DHA to DEA (Figure 2 ), together with the positive effect of FAAHI on neurite development and synaptogenesis shown in Figure 1 , suggested that DEA is a potential mediator for the DHA-promoted neurite growth and synaptogenesis in hippocampal neuronal cultures. To test this proposition, E18 hippocampal cultures were supplemented with DEA and neuronal development was examined in comparison with AEA, which has been implicated in neurodevelopment ( Figure 5 ). Indeed, DEA dose-dependently increased neurite growth after 3 or 7 days of supplementation ( Figures 5A and 5B). Significant increases in the number of synapsin puncta normalized per 10 μm of neurite ( Figure 5C ) or per neuron ( Figure 5D ) were also observed in DEA-treated neurons after 7 days, suggesting that synaptogenesis had been promoted. DEA was effective at concentrations as low as 0.1 μM in promoting neurite growth and synaptogenesis as well as synapsin protein expression ( Figure 5E ), whereas supplementation of the neurons with 0.1 μM DHA exerted no measurable effects (results not shown). AEA did not promote neurite growth, synaptogenesis or synapsin expression at 0.1-1 μM and showed a slight effect at concentrations only above 1.5 μM (Figures 5B-5E ).
Since both DEA and DHA promote hippocampal development, their effects on synaptic protein expression, neurite outgrowth and synaptogenesis were compared under the same conditions ( Figure 6 ). The treatment of hippocampal neurons with DHA at 1 μM and DEA at 0.1 μM increased the expression of synapsin Figure 4 . DEA was produced from the endogenous DHA. The data are expressed as fmol/E18 hippocampus and are representative of triplicate experiments that were repeated three times. *P < 0.05 and **P < 0.01 compared with the − FAAHI group for the DEA or [ 13 6B ). In addition, DEA at 0.1 μM promoted neurite growth ( Figures 6C and 6D ) and synaptogenesis ( Figures 6C and 6E ) to a similar extent observed with 1 μM DHA. Although the cellular concentration of DEA at any given moment cannot be accurately determined, 0.1 μM is estimated to be in the attainable range when cells were incubated with 1 μM DHA. The DEA level after 3 days of 1 μM DHA supplementation reached up to 5.6 pmol/4.7×10 6 cells when its hydrolysis was inhibited by URB597, corresponding to a cellular concentration of approx. 240 nM on the basis of an estimated cell volume of 5 pl/cell [23] . These results strongly suggested that the observed DHA-induced neurite growth, synaptogenesis and synaptic protein expression was mediated, at least in part, through the metabolism of DHA to DEA.
DEA enhances glutamatergic synaptic activity
Previously, glutamatergic synaptic transmission in hippocampal neurons has been shown to be promoted by DHA supplementation [12] . We observed that the treatment of neurons with 0.1 μM DEA for 10 days also enhanced sPSCs (Figure 7 ). The sPSC frequency, which represents the number of active synapses and relative levels of presynaptic release, was significantly greater in the DEA-treated neurons in comparison with the control neurons (1.13 + − 0.48 and 3.29 + − 1.72 Hz for control and DEA-treated neurons respectively; P = 0.001) ( Figure 7A ), indicating that DEA promoted synaptogenesis. As with DHA, the enhanced synaptic activity was derived predominantly from glutamatergic synapses, since applying NBQX and APV (2-amino-5-phosphonovaleric acid) to block both AMPA (α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid) and NMDA receptors abolished the observed enhancement ( Figure 7A ). In contrast, blocking GABA A receptors with bicuculline decreased transmission under control conditions, but had no significant effects in the DEA-treated cultures. The antagonist-based assignment for either glutamatergic or GABAergic synaptic activity was further supported by the analysis of decay constants. The neurons in the culture showed average decay time constants of 6.1 + − 4.1 or 23.2 + − 6.1 ms (n = 15, P < 0.001) in the presence of bicuculline or NBQX/APV respectively. This observation was consistent with previously reported faster kinetics of glutamatergic PSCs in comparison with GABAergic PSCs with decay constants of 3.01 + − 0.28 and 19.05 + − 1.98 ms respectively [24] . The hippocampal neurons supplemented with 0.1 μM DEA or 1 μM DHA enhanced sPSCs to a similar extent ( Figure 7B ). Acute application of DEA or DHA to the target neurons had no significant effects on sPSCs ( Figure 7C ), suggesting that neurite growth, synaptogenesis and synaptic protein expression induced by the treatment with DEA during development is most probably responsible for the enhanced synaptic activity.
Endogenous DEA levels in fetal hippocampi are affected by maternal n-3 fatty acid intake Maternal dietary n-3 fatty acid depletion has been shown to deplete DHA in fetal and offspring hippocampi, leading to inhibited hippocampal neurite outgrowth and synaptogenesis in in vitro culture, and impaired long-term potentiation in the offspring hippocampus [12] . To test the in vivo implications of DEA formation in hippocampal neuronal development, we examined whether endogenous DEA levels can be lowered by inducing prenatal n-3 fatty acid deficiency. In E18 hippocampi obtained from n-3 fatty acid-adequate dams, the DEA level (155 + − 35 fmol/μmol of total fatty acids or 11.5 + − 2.3 fmol/hippocampus) was significantly higher than AEA (44 + − 3 fmol/μmol of total fatty acids or 4.4 + − 0.8 fmol/hippocampus) despite the fact that DHA (6.7 + − 0.7 %) and AA (arachidonic acid, C 20:4,n − 6 ;6.1 + − 0.5 %) contents were comparable (Figure 8 ). When pregnant mice were fed with an n-3 fatty acid-deficient diet, the DEA level decreased significantly (to 9 + − 7 fmol/μmol of fatty acid or 0.6 + − 0.4 fmol/hippocampus; P = 0.008), with concomitant reduction in the DHA content (to 0.5 + − 0.1 %). Neither AA nor AEA content was significantly affected by the deficient diet, but DPAn-6 (docosapentaenoic acid, C 22:5,n − 6 ) was increased from 0.4 + − 0.1 to 4.7 + − 1.0 % with a concomitant increase of DPEA (N-docosapentaenoylethanolamine), the DPA analogue of AEA and DEA, from a non-detectable level to 69.2 + − 22.8 fmol/μmol of fatty acid or 4.5 + − 1.7 fmol/hippocampus. These results indicated that DEA production is an endogenous mechanism that can be modulated by the DHA status, supporting in vivo significance of DEA in DHA-induced hippocampal neuronal development.
DISCUSSION
In the present study, we demonstrate that metabolism of DHA to DEA is a significant mechanism for hippocampal development. Neurite outgrowth, synaptogenesis and the expression of synapsins and glutamate receptors, which are known to be important for synaptic transmission and glutamatergic synaptic activity, were promoted by DEA treatment in developing hippocampal neurons. DEA effects on hippocampal development and glutamatergic synaptic activity are similar to those previously demonstrated with DHA [12] , suggesting that DEA is, at least in part, responsible for hippocampal development and function promoted by DHA.
The involvement of an FAAH-sensitive form of DHA was apparent in DHA-induced hippocampal development, at least Fatty acyl composition (A) and N-acylethanolamine levels (B) in E18 hippocampi, indicating significant decreases in DHA and DEA after n-3 fatty acid depletion without altering AA or AEA contents. *P < 0.05, **P < 0.01 and ***P < 0.001. FA, total fatty acids.
for the neurite growth, synaptogenesis and expression of some synaptic proteins (Figure 1 ). The metabolism of DHA to DEA was found to be active in developing hippocampi, and the biological activity of DEA was similar in nature to, but significantly higher than, that of DHA, strongly suggesting that DEA is a principal component for the observed DHA effects. Specific inhibitors of DEA biosynthesis may further confirm whether DEA mediates DHA effects on hippocampal development and function, when such inhibitors become available. The biochemical mechanisms for DEA synthesis are not clear at present. It is possible that similar biosynthetic pathways for producing AEA via NAPE (N-arachidonyl phosphatidylethanolamine) [25] may also be involved for DEA formation.
The hippocampal development in non-supplemented neurons was also sensitive to the FAAHI URB597 (Figure 1 ). In addition to DEA, N-oleoylethanolamide at a rather high concentration has been shown to promote neurite growth through PPARα in a fatty acid-depleted experimental condition [26] , suggesting that there are multiple mechanisms supporting the basic requirements for neurite growth, synaptogenesis and synaptic protein expression. The DEA-and DHA-dependent synaptic protein expression demonstrated in the present study may involve the activation of distinctive transcription factors that have yet to be identified. Nevertheless, involvement of PPARα is unlikely, as the expression of PPARα downstream target proteins, CPT1A or LPL, was not altered by DHA or DEA ( Figure 6 ).
Previous studies have indicated that NPD1 (neuroprotectin D1, also called 10,17S-docosatriene), a DHA metabolite formed by lipoxygenation, can exert a neuroprotective function, particularly under pathophysiological conditions such as ischaemia [16] . It has been also reported that 17-hydroxy-DHA, which is thought to be the immediate precursor of NPD1, is produced in ischaemic brains [27] . For hippocampal neurite growth and synaptogenesis, we found that DEA, an N-acylated ethanolamide, is a key active metabolite of DHA. The DEA content in the fetal hippocampi decreased with the reduction of DHA through maternal dietary depletion of n-3 fatty acids (Figure 8 ), which is consistent with the previous report that the DEA content in the pig brain can be increased by dietary inclusion of DHA [28] . As the DEA level correlates with the DHA status, provision of DHA to the developing brain, as well as its metabolism to DEA, is important for neuronal development in offspring. In addition to ethanolamine, DHA has been shown to be N-acylated to amino acids or neurotransmitters in the brain [29] , although their biological activity has yet to be determined.
The DEA-induced hippocampal synaptogenesis paralleled the enhancement of synaptic activity. The synaptic activity increase due to the DEA treatment was derived mostly from glutamatergic activity, as has been observed in DHA-treated neurons [12] .
Acute applications of DEA showed no effects on synaptic activity (Figure 7) , suggesting that availability of DHA-derived DEA during development for neurite growth, synaptogenesis and synaptic protein expression is an important aspect for enhanced synaptic activity. In this regard, DHA metabolism to DEA is a key mechanism leading to enhanced synaptic function through promoted hippocampal neurodevelopment.
It is well established that the endocannabinoid AEA exerts its biological effects principally through binding to G-protein-coupled CB (cannabinoid) receptors [30] . It has been demonstrated that activation of CB 1 receptors promotes hippocampal neurogenesis in both the embryonic and adult hippocampus [31] . Although a possible role of DEA in CB 1 -mediated signalling cannot be ruled out, involvement of CB 1 in the DEA-induced hippocampal development is unlikely. It has been reported that DEA binding to CB 1 is substantially weaker than AEA [32] . Despite its higher binding capability as a natural ligand for CB 1 , AEA showed minimal effects on hippocampal development in comparison with DEA ( Figure 5) . Moreover, the AEA content observed in E18 hippocampi was significantly lower in comparison with DEA (Figure 8) , further supporting the unlikely involvement of a CB 1 -mediated mechanism. Our present results appear to be in line with the previous finding that CB 1 activation by AEA does not promote but inhibits neuronal progenitor cell differentiation [33] .
It has been reported that DHA is an endogenous ligand to RXR (retinoid X receptor) [34] . It has been also shown that DHA can activate PPARγ , particularly as oxidized forms [35] . At present, it is not clear whether DEA can also activate RXR or PPARγ . Nevertheless, DHA and DEA appear to target the same transcriptional activity, since DHA and DEA promote the expression of similar specific synaptic proteins. Since DEA is produced from DHA and DEA is significantly more effective than DHA for synaptic protein expression, the involvement of DEA in DHA-promoted hippocampal synaptic protein expression is strongly suggested. It appears possible that the effective DEA level can be reached in the hippocampal neuronal culture even from low micromolar concentrations of DHA, further supporting the role of DEA as an active component in DHA-mediated transcriptional activation for neuronal differentiation and specific synaptic protein expression.
In conclusion, the present study demonstrates that the metabolism of DHA to DEA is a novel and significant mechanism for hippocampal neuronal development and function. DEA produced from DHA promotes neurite development, synaptogenesis and expression of synapsins and glutamate receptors, which in turn leads to improved synaptic transmission. Since DEA is derived from DHA, compromised DEA-dependent hippocampal development may be an underlying mechanism for the learning disability and memory deficit associated with neural DHA depletion due to dietary deficiencies of n-3 fatty acids. More importantly, the DEA-dependent mechanism may offer new molecular targets for the regulation of hippocampal neuronal development and function. Neither neurite growth at day 3 (B) or day 7 (C) nor synaptogenesis evaluated by the number of synapsin puncta per 10 μm of neurite at day 7 was significantly affected by these agents.
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